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Site-directed mutagenesisa b s t r a c t
Non-classical P450s of CYP74 family control several enzymatic conversions of fatty acid hydroperox-
ides to bioactive oxylipins in plants, some invertebrates and bacteria. The family includes two
dehydrases, namely allene oxide synthase (AOS) and divinyl ether synthase (DES), and two isomeras-
es, hydroperoxide lyase (HPL) and epoxyalcohol synthase. To study the interconversion of different
CYP74 enzymes, we prepared the mutant forms V379F and E292G of tobacco (CYP74D3) and ﬂax
(CYP74B16) divinyl ether synthases (DESs), respectively. In contrast to the wild type (WT) enzymes,
both mutant forms lacked DES activity. Instead, they produced the typical AOS products, a-ketols
and (in the case of the ﬂax DES mutant) 12-oxo-10,15-phytodienoic acid. This is the ﬁrst demonstra-
tion of DES into AOS conversions caused by single point mutations.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The plant lipoxygenase pathway and its products, oxylipins,
play a crucial role in plant cell signalling and defence [1–4]. The
diversity of oxylipins is created primarily by the enzymes of the
unique CYP74 family (P450 superfamily). Most P450s are monoox-
ygenases requiring the molecular oxygen and redox partners,
which are essential for oxygen activation. In contrast, the CYP74s
need neither oxygen nor any redox partners. Instead, the CYP74s
use an oxygenated substrate, the fatty acid hydroperoxide.
Recently the CYP74s were discovered outside the plant kingdom
– in some proteobacteria and metazoa species [5]. Three kinds of
the CYP74 enzymes have been known until recently: two dehyd-
rases, namely allene oxide synthase (AOS) and divinyl ethersynthase (DES) and one isomerase, the hydroperoxide lyase
(HPL). It has been shown that the real function of HPL is the isom-
erization of fatty acid hydroperoxide and the true HPL product is
the unstable hemiacetal [6]. The novel kind of CYP74 enzymes,
namely the epoxy alcohol synthase (isomerase), has been detected
recently in the lancelet (Branchiostoma ﬂoridae) [5].
A numbers of cloned CYP74 genes, as well as the characterized
recombinant proteins, are increasing [3,4]. All P450s have some
essential conserved domains in their primary structures, in partic-
ular, several ‘‘substrate recognition sites’’ (SRSs) [7]. Some of them
constitute the walls of the catalytic cavity, for instance the I-helix
[8–10]. Its domain SRS-4 [7], especially its part named the ‘‘I-helix
central domain’’ (IHCD) of the CYP74s (corresponding to the
‘‘oxygen binding and activation domain’’ of monooxygenases) is
involved in the catalysis [11].
Close relationship of the CYP74 enzymes suggests that mem-
bers of this family have a common ancestry. Moreover, the similar-
ity of different CYP74 enzymes suggests that the catalytic function
could be changed by the single point mutations. Indeed, the con-
versions of some AOSs to HPLs by site-directed mutagenesis have
been recently described [5,11]. In the present work, the unprece-
dented conversions of DESs to AOSs caused by the single point
mutations are described.
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2.1. Materials
Linoleic and a-linolenic acids, as well as the soybean lipoxyge-
nase type V were purchased from Sigma. NaBH4 and silylating re-
agents were purchased from Fluka (Buchs, Switzerland).
(9S,10E,12Z)-9-Hydroperoxy-10,12-octadecadienoic acid (9-HPOD)
was prepared by incubation of linoleic acid with tomato fruit
lipoxygenase at 0 C, pH 6.0, under continuous oxygen bubbling.
(9Z,11E,13S,15Z)-Hydroperoxy-9,11,15-octadecatrienoic acid (13-
HPOT) was obtained by incubation of a-linolenic acid with the soy-
bean lipoxygenase type V. All hydroperoxides were puriﬁed by
normal phase HPLC.
2.2. Bioinformatics methods for the CYP74 structure analysis
The primary structures of CYP74s were aligned using NCBI and
PlantGDB BLAST searches. The 3D modelling of CYP74s was per-
formed using ESyPred3D program [12] and the available X-ray
models for allene oxide synthases (CYP74A) of Arabidopsis thaliana
and Parthenium argentatum as the reference 3D structures.
2.3. Expression and puriﬁcation of recombinant enzymes
Nicotiana tabacum DES (NtDES, CYP74D3) and Linum usitatissi-
mum DES (LuDES, CYP74B16) open reading frames (ORF) have been
cloned into the vector pET32-Ek/LIC (Novagen, USA) to yield the
target recombinant proteins with His-tags at N- and C-termini.
The ORF of NtDES has been subcloned from pBSK plasmid
generously gifted from Dr. Francesca Cardinale. The recombinant
plasmid containing the ORF of LuDES has been obtained earlier
[13]. The recombinant proteins (wild type (WT) and mutant forms)
were expressed and prepared as described before [13]. His-tagged
recombinant proteins were puriﬁed by immobilized metal afﬁnity
chromatography (IMAC) using Bio-Scale Mini Proﬁnity IMAC car-
tridges and BioLogic LP chromatographic system (Bio-Rad, USA)
[14]. The homogeneity of puriﬁed proteins was conﬁrmed by
SDS–PAGE. Protein concentration was estimated as described
before [13]. The enzyme activity was measured with Lambda 25
spectrophotometer (Perkin–Elmer, USA) by the decrease of hydro-
peroxides absorbance at 234 nm [14].
2.4. Site-directed mutagenesis
Genes of the mutant forms of the CYP74 enzymes were con-
structed by PCR using primers listed in Table 1 and Pfu DNA poly-
merase (Promega, USA). The mutations were conﬁrmed by DNA
sequencing.
2.5. Incubations of recombinant enzymes with substrates
The recombinant enzymes (10 lg) were incubated with 100 lg
of 9-HPOD or 13-HPOT in Na-phosphate buffer (2 ml), pH 7.0, 4 C,
for 15 min. The products were extracted, puriﬁed with solid phase
cartridges, methylated and trimethylsilylated as described before
[14], followed by GC–MS analysis. When speciﬁed, the productsTable 1
PCR primers used for site-directed mutagenesis.
Mutant form Primer Sequence 50–30 Tm (C)
LuDES E292G Sense TTCAACTCgTTCGggATTTACCCTATTTATC 64
Antisense gTAAATAgggTAAATCCTCCgAACgAgTTgAA
NtDES V379F Sense AAggTCAgTTCCTCTTCggATATCAgCCC 65
Antisense gggCTgATATCCgAAgAggAACTgACCTTwere reduced with NaBH4 and hydrogenated upon PtO2 after
extraction, then methylated and trimethylsilylated. Products
(without or with the preliminary hydrogenation and reduction)
were analyzed as methyl (Me) esters/trimethylsilyl (TMS) deriva-
tives (Me/TMS) by GC–MS as described before [14].
2.6. GC–MS analyses of products
GC–MS analyses were performed using a Shimadzu QP5050A
mass spectrometer connected to Shimadzu GC-17A gas chromato-
graph equipped with an MDN-5S (5% phenyl 95% methylpolysilox-
ane) fused capillary column (length, 30 m; ID 0.25 mm; ﬁlm
thickness, 0.25 lm). Helium at a ﬂow rate of 30 cm/s was used as
the carrier gas. Injections were made in the split mode using an ini-
tial column temperature of 120 C, injector temperature 230 C.
The column temperature was raised at 10 C/min until 240 C.
The electron impact ionization (70 eV) has been used.3. Results
3.1. The choice of mutation sites
All AOSs and HPLs have a conserved pair of glycine residues fol-
lowing their IHCD domain sequences (Fig. 1). All known DESs pos-
sess the substitution of the ﬁrst glycine with another residue:
either alanine (DESs of Solanaceae species, e.g., Ala-286 of NtDES),
or leucine (Leu-279 of garlic AsDES) or glutamic acid (Glu-292 of
ﬂax LuDES) (Fig. 1, a column marked with ). Flax enzyme (LuDES)
has recently been identiﬁed as CYP74B16, an unprecedented DES
member of the CYP74B subfamily [13]. All previously characterized
CYP74B enzymes are 13-HPLs. Substitution of the conserved gly-
cine residue by glutamic acid (Glu-292) is the most notable feature
of LuDES primary sequence compared with 13-HPLs (CYP74B).
Thus, one could propose that (1) the substitution of the conserved
glycine is one of determinants of DES type of catalysis; (2) the
E292G single point mutation could alter the LuDES type of cataly-
sis. To address these assumptions, we prepared the E292G mutant
form of LuDES by site-directed mutagenesis.
The multiple alignments enabled us to reveal one more putative
primary determinant of the CYP74 catalysis. This site lies within
the ERR-triad (Fig. 1, a column marked with d). The in silico 3D
modelling using the ESyPred3D [12] (with X-ray 3D structures of
A. thaliana and P. argentatum AOSs as the references) revealed
the localization of site (d) (Fig. 1) near the catalytic centre. All
characterized AOSs (CYP74A and CYP74C), as well as CYP74C HPLs,
have phenylalanine (sometimes tyrosine) residue at this site
(Fig. 1). All Solanaceae DESs (CYP74D) have a valine residue at this
site, while all CYP74B HPLs, ﬂax DES (CYP74B16) and garlic DES
(AsDES, CYP74H1) have a cysteine residue (Fig. 1). Localization of
this site near the catalytic centre and its distinct substitution in dif-
ferent enzymes suggest its probable role as a catalytic determinant.
To examine the catalytic importance of this site, we prepared the
V379F mutant form of NtDES and studied its properties. One could
presume that the mutant forms E292G of LuDES and V379F of
NtDES would exhibit the AOS or HPL activity.
3.2. Analysis of reaction products of the WT LuDES and its mutant form
E292G
Incubations of the WT LuDES with (13S)-HPOT (the preferred
LuDES substrate) afforded a single predominant product 1 (Me es-
ter), detected by GC–MS (Fig. 2A). Its mass-spectrum (Fig. 2C) coin-
cided with that described before for (x5Z)-etherolenic acid (Me
ester) [15]. The hydrogenation over PtO2, turned compound 1 to
13-oxanonadecanoic acid (Me ester), whose mass spectrum
Fig. 1. CYP74s sequences alignments. (A) The I-helix sequences alignments. (B) The ERR-triad sequences alignments. The I-helix central domain (IHCD) is numbered 1–6,
ERR-triad is marked with. (PPV-domain is marked with}). Mutations are marked as followed: , LuDES E292G,d, NtDES V379F. The following CYP74s sequences were used
for alignment: as, Allium sativum; AsDES, CAI30435; at, A. thaliana; AtHPL, AAC69871; Ca, Capsicum annuum; CaDES, ABH03632; CaHPL, AAK27266; Cm, Cucumis melo;
CmHPL, AAK54282; Gm, Glycine max; GmAOS, NP_001236445; Le, Lycopersicon esculentum; LeDES, AAG42261; LeAOS3, NP_001234833; Lu, Linum usitatissimum; LuDES,
ADP03054; LuAOS, AAA03353; Mt, Medicago truncatula; MtHPL, CAC86897; Na, Nicotiana attenuata; NaAOS, CAC82911; NaHPL, CAC91565; Nt, Nicotiana tabacum; NtDES,
AAL40900; NtHPL, AAZ39884; Pa, P. argentatum; PaAOS, Q40778; Pd, Prunus dulcis; PdHPL, CAE18065; St, Solanum tuberosum; StDES, CAC28152.
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(33%), [M-Me(CH2)5O + H]+ at m/z 214 (23%), [229-MeOH]+ at m/z
197 (65%), m/z 143 (40%), m/z 97 (52%), m/z 87 (87%), m/z 74
(100%). All these data along with the ultraviolet spectrum (kmax
at 267 nm in MeOH) enabled to identify compound 1 as (x5Z)-
etherolenic acid, (9Z,11E)-12-[(10Z,30Z)-hexadienyloxy]-9,11-dode-
cadienoic acid. This divinyl ether was originally detected in brown
alga Laminaria sinclairii [16], then in the leaves of Ranunculaceae
species [17–19] and ﬂax [15].
LuDES mutant form E292G retained the capability to utilize
(13S)-HPOT as a substrate and exhibited 82% of the WT LuDES
activity. The analysis of products formed by E292G mutant demon-
strated the dramatic qualitative alteration of catalysis. The major
LuDES product, (x5Z)-etherolenic acid was not detectable
(Fig. 2B). Instead, the LuDES E292G produced the predominant
product 4 (Me/TMS) (Fig. 2B). Its mass spectrum (Fig. 2E) was
identical to that of the a-ketol, (9Z,15Z)-12-oxo-13-hydroxy-
9,12-octadecadienoic acid (Me/TMS). Compound 4 was subjectedto the successive sodium borohydride reduction, diazomethane
methylation, hydrogenation over PtO2 and trimethylsilylation.
The mass spectrum of the resulting product (Me/TMS) possessed
the following fragments: [M-Me]+ at m/z 459 (0.2%), [M-MeO]+ at
m/z 443 (1%), [M-Me(CH2)4CHOTMS+TMS]+ at m/z 374 (6%),
[M-Me(CH2)4CHOTMS]+ at m/z 301 (56%), [M-CH(OTMS)(CH2)10
COOMe]+ at m/z 173 (83%), [Me3Si–O+@SiMe2] at m/z 147 (15%),
m/z 129 (18%), [Me3Si+] atm/z 73 (100%). The data enabled to iden-
tify the product of reduction/hydrogenation of compound 4 as the
vic-diol, 12,13-dihydroxyoctadecanoic acid (Me/TMS). These data
conﬁrm the identiﬁcation of product 4 as the a-ketol, (9Z,15Z)-
12-oxo-13-hydroxy-9,12-octadecadienoic acid.
Along with the a-ketol (4), the E292G mutant form converted
(13S)-HPOT into products 2 and 3 (detected as Me esters)
(Fig. 2B and D). The mass spectra of compounds 2 and 3 (Fig. 2D)
and their retention times corresponded to those of trans- and
cis-12-oxo-10,15-phytodienoic acid (12-oxo-PDA) Me esters,
respectively. The successive sodium borohydride reduction, diazo-
Fig. 2. GC–MS analyses of products (Me/TMS) of (13S)-HPOT incubations with the recombinant WT LuDES (A) and its mutant form E292G (B). 1, (x5Z)-etherolenic acid; 2 and
3, trans- and cis-12-oxo-10,15-phytodienoic acid, respectively; 4, a-ketol. (A) and (B) Selected ion GC–MS chromatograms; selected ion currents (m/z) are speciﬁed on the left.
(C) Mass spectrum and fragmentation scheme for product 1 (Me/TMS). (D) Mass spectrum and fragmentation scheme for product 3Me ester (spectra of products 3 and 2 are
nearly identical). (E) Mass spectrum and fragmentation scheme for product 4 (Me/TMS). Conditions of incubation, extraction, derivatization and analysis are described in
Section 2.
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lation converted products 2 and 3 to diastereomeric cyclopenta-
nols (Me/TMS). Their mass spectra possessed M+ at m/z 384 (1%),
[M-Me]+ at m/z 369 (8%), [369-MeOH]+ at m/z 337 (9%), [M-
Me(CH2)4-TMSO]+ at m/z 224 (7%), [M-Me(CH2)4CH@CH(CH2)7
COOMe]+ at m/z 129 (100%), [Me3Si+] at m/z 73 (100%). Altogether
these data conﬁrm the identiﬁcation of products 2 and 3 as trans-
and cis-12-oxo-PDA isomers, respectively.
To summarize, the obtained data demonstrated that the muta-
tion E292G transformed DES to AOS, which exhibited a remarkable
activity and speciﬁcity. The E292G mutant produced the a-ketol
and 12-oxo-PDA, while neither the DES nor the HPL products were
detectable.3.3. Analysis of reaction products of the WT NtDES and its mutant form
V379F
The WT NtDES converted (9S)-HPOD into two divinyl ether
products (Me esters), the major one 5 (Fig. 3A, retention time ca.
15.25 min) and the minor one (Fig. 3A, peak with retention time
ca. 15.8 min), at a ratio about 10:1. Both products exhibited M+
at m/z 308. Their mass spectral patterns (Fig. 3C) were identical
to those of 9-[(10E,30Z)-nonadienyloxy]-(8E)-nonenoic (colneleic)
acid [20]. Both divinyl ethers turned to 10-oxanonadecanoic acid
(Me) upon the hydrogenation over PtO2. The latter compound
exhibited the following mass spectral patterns: M+ at m/z 314
(0.3%), [M-MeO]+ at m/z 283 (3%), [M-Me(CH2)8]+ at m/z 187
Fig. 3. GC–MS analysis of products (Me/TMS) of (9S)-HPOD incubations with the recombinant WT NtDES (A) and its mutant form V379F (B). Compound 5, colneleic acid (Me);
6, a-ketol (Me/TMS). (A) and (B) Selected ion GC–MS chromatograms; selected ion currents (m/z) are speciﬁed on the left. (C) Mass spectrum and fragmentation scheme for
product 5 (Me ester). (D) Mass spectrum and fragmentation scheme for product 6 (Me/TMS). Conditions of incubation, extraction, derivatization and analysis are described in
Section 2.
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155 (81%), [M-Me(CH2)8O-MeOH]+ at m/z 139 (56%), [139-H]+ at
m/z 138 (80%),m/z 87 (75%),m/z 74 (100%). Thus, the obtained data
enabled to identify product 5 as colneleic acid. The minor isomer of
colneleate with retention time ca. 15.8 min corresponded (by
retention time) to an authentic sample of (all-E)-colneleic acid.
The identiﬁcation of the latter product was conﬁrmed by NMR data
(not illustrated). Along with colneleic acid, the WT NtDES produced
the trace amount of an HPL product – 9-oxononanoic acid (Me)
(less than 1% of total products as estimated by integration of total
ion current GC–MS chromatogram).
Both the WT NtDES and its V379F mutant form utilized (9S)-
HPOD as a preferred substrate. The V379F mutant form exhibited
25% of the WT NtDES activity. In contrast to the WT NtDES, the
V379F mutant produced only the minority of divinyl ether, as re-
vealed by the GC–MS analysis of products (Me/TMS) (Fig. 3B). A
predominant product 6 exhibited a mass spectrum (Fig. 3D)
identical to that of the a-ketol, 9-hydroxy-10-oxo-12-octadecenoic
acid (Me/TMS) [14]. Sodium borohydride reduction of product 6
followed by methylation, hydrogenation over Adams’ catalyst has
led to the expected diastereomeric pair of the erythro- and
threo-9,10-dihydroxystearic acid (Me/TMS), exhibiting the identicalmass spectral patterns: [M-Me]+ atm/z 459 (0.5%), [M-MeO]+ atm/
z 443 (2%), [M-Me(CH2)7CHOTMS+TMS]+ at m/z 332 (12%), [M-
Me(CH2)7CHOTMS]+ at m/z 259 (94%), [M-259]+ at m/z 215 (77%),
m/z 155 (27%), [CH2@O+–SiMe3] m/z 103 (19%), [Me3Si+] at m/z
73 (100%). These data conﬁrm the identiﬁcation of compound 6
as the a-ketol (Me/TMS; 84.5% of total products as estimated by
integration of total ion current GC–MS chromatograms). Along
with the a-ketol, colneleic acid (Me; 12.4% of total products) and
9-oxononanoic acid (Me, 3.1% of total products) were produced
by the V379F mutant. Thus, the mutant form NtDES V397F pre-
dominantly possessed the AOS activity with the minor DES and
HPL activities.
4. Discussion
Previously the conversion of CYP74A [5] and CYP74C [11] AOSs
to HPLs by site-directed mutagenesis has been described. The pres-
ent study provides the ﬁrst examples of conversion of two DESs
(CYP74B and CYP74D) to AOSs. Conversion of LuDES to AOS by
E292G single point mutation conﬁrms the importance of this site
(localized in the middle of I-helix) as a determinant of DES activity.
All known CYP74 enzymes except DESs have a conserved glycine at
Fig. 4. Scheme of switching from DES to AOS catalysis caused by site-directed mutagenesis. NtDES and its mutant form V379F were incubated with 9-HPOD; R1 =
–(CH2)6COOH, R2 = –(CH2)4CH3. LuDES and its mutant form E292G were incubated with 13-HPOT; R1 = –CH@CHCH2CH3, R2 = –(CH2)7COOH.
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this glycine residue. For instance, all DESs of Solanaceae species and
garlic DES have a leucine residue at this site, while LuDES has glu-
tamic acid.
The second V379F mutation was performed with tobacco DES,
NtDES. Unlike the majority of AOSs (CYP74A and CYP74C) and
CYP74C HPLs, having the Phe/Tyr residues at this site, the NtDES
(as well as other CYP74Ds) has a valine residue. The obtained
V379F mutant form has lost most of the DES activity and behaved
mostly as an AOS. It produced predominantly the a-ketol. The sub-
strate speciﬁcity was not altered y mutation. 9-HPOD was still a
preferred substrate.
While AOSs and HPLs are widespread in all plant genomes, DESs
are less common. At the same time, the diversity of plants possess-
ing the DESs is gradually increasing. Sometimes DESs can occur in
new CYP74 subfamilies (like garlic CYP74H1) or well known sub-
families, in which it was hard to expect their presence, like LuDES
(CYP74B16). DESs (as well as their cDNAs) of some plant species
possessing the divinyl ethers, like Ranunculaceae species and red
and brown algae, are completely unknown. Thus, one can expect
the interesting extensions of the CYP74 family in future.
The obtained data conﬁrmed the close relationship of different
CYP74 enzymes. Two initial stages of catalysis are common for all
CYP74 enzymes. Firstly, the peroxide moiety undergoes the homo-
lytic cleavage to form the alkoxy radical intermediate, while the
cleaved hydroxyl radical is bound to haem iron (III) to yield the
‘‘compound II’’, FeIV–OH. Secondly, the alkoxy radical undergoes a
rearrangement to the epoxyallylic radical (Fig. 4). The epoxyallylic
radical is a common intermediate of CYP74 catalysis [3,6,21]. The
subsequent stages of AOS and DES catalysis are different. AOSs pos-
sess the simplest catalytic cycle. In this case, the epoxyallylic rad-
ical is deprotonated to form the short lived allene oxide (Fig. 4).
DESs act differently. The epoxyallylic radical undergoes the homo-
lytic opening of oxirane to form the vinyloxycarbinyl radical
(Fig. 4). Then this radical is deprotonated to form a divinyl ether
(Fig. 4). The stereospeciﬁcity of deprotonation can be different,
depending on the particular DES properties [22]. For instance, the
trans and cis-vinyl ether bonds are formed in the cases of NtDES
and LuDES, respectively (Fig. 4).
To conclude, the described results present the ﬁrst examples of
DES to AOS conversions caused by the single point mutations. Themutant forms V379F of NtDES (CYP74D3) and E292G of LuDES
(CYP74B16) exhibit predominantly the AOS activities.
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